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MGNETOSTRICTIOH IN FERRITES POSSESSING A SQUARE HYSTERESIS LOOP 

ABSTRACT 


The development of ceramic materials with an intrinsically 
square hysteresis loop for use as storage elements in high-speed 
electronic computers has been largely empirical„ A fundamental under¬ 
standing of the basic mechanism responsible for the square hysteresis 
loop is necessary for further significant improvements in these materials. 
The investigation reported in this paper was undertaken to obtain magneto¬ 
striction data on a compositional series of ferrites in which there 
exists an important variation in the character of the hysteresis loop 0 
A significant correlation was found between the magnetostriction and the 
hysteresis data. The isotropic saturation magnetostriction for these 
polycrystalline materials was found to change sign, going through zero 
at the optimum composition for hysteresis-loop squareness in this composi¬ 
tional series. In addition, the sign of the magnetostriction at low 
fields, which in nearly all cases is opposite to that at high fields, 
also changes at this optimum composition. These data have been analyzed, 
and it has been concluded that the effective domain anisotropy and the 
polycrystalline saturation magnetostriction are zero at the optimum 
composition. A possible mechanism is advanced which explains the 
observed data as the result of a grain-to-grain alignment of the magnetic 
moments due to the anisotropy of the single-crystal magnetostriction. 

* * * * # # 

Because it presents information of general interest this thesis 
report, which has had only very limited distribution, is being issued as 
a Division 6 Report . 
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CHAPTER I 
INTRODUCTION 


Ae The General Problem 

Materials possessing hysteresis loops rectangular in shape 
have been known for some time 0 ^ Since the exploitation of this hys¬ 
teresis-loop characteristic was conceived as a means for retaining in- 

2 

formation in an electronic-computer memory s a great impetus has been 
given to the study of the basic mechanisms responsible for rectangular 
hysteresis loops 0 

Both metallic and ceramic materials have been developed which 
possess a square hysteresis loop Q However a little is known concerning 
the basic mechanism that is responsible for this hysteresis-loop char¬ 
acteristic 0 This is particularly true for the polycrystalline ceramics 
which are considered in this paper e 

Extremely square B=H loops have been obtained for the poly¬ 
crystalline ceramics called ferrites 0 The hysteresis characteristics of 
these materials are primarily dependent upon the chemical composition,, 
Therefore 9 this study is concerned both with an understanding of the 
macroscopic mechanism responsible for the square B-H loop in ferrites 
and with the influence of the chemical composition upon this physical 
mechanism? such an understanding should lead to the creation of new 
materials with improved magnetic properties„ 

Bo Historical Background 

Before the specific problem can be considered,, the basic con¬ 
cepts of magnetism and their associated terminology will be reviewed* 

Most materials are composed of atoms which are located in a 
periodic geometric configuration called the crystalline structures 
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The atoms exist as charged particles, ions, which may possess a magnetic 

moment« The magnetic moment of these ions is produced by their electronic 

configuration. Since these ions are in close proximity to one another in 

the crystal lattice, the way in which their electronic configurations 

interact determines the magnetic character of the material. FERROMAGNETISM 

is defined as the case when all the moments of these ions are parallel to 

one another and pointed in the same direction. The energy involved in 

maintaining this alignment is called the magnetic EXCHANGE ENERGY and is 

expressed as Ar, where A. is the EXCHANGE PARAMETER and “r is an average 

distance to near-neighbor magnetic atoms 0 The exchange parameter is a 

measure of the strength of coupling between the magnetic moments. 

In some crystal structures interpenetrating sublattices exist 

in which the magnetic moments within each sublattice are parallel and in 

the same direction but in opposition to the moments of the other sub- 

lattices. A material is called FERRIMAGNETIC when a nonzero net moment 

exists and is called ANTIFERROMAGNETIC when the net moment is zero. The 

energies involved in producing these magnetic configurations are also called 

magnetic exchange energies. The CURIE TEMPERATURE, T , is the temperature at 

c 

which the exchange energies responsible for ferromagnetism, ferrimagnetism, 

or antiferromagnetism are just overwhelmed by the thermal energy of the 

system. At temperatures above T the magnetic moments are oriented in a 

c 

random fashion with respect to one another, and the material is called 

PARAMAGNETIC. Since the Curie temperature, like the exchange parameter, 

is a measure of the strength of coupling between magnetic moments, T is 

c 

proportional to A. 

The geometry of the crystal structure and the exchange coupling 
produce energetically preferred or easy directions for the total magnetic 
moment in a crystal. The energy per unit volume required to rotate the 
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magnetic moment from an easy direction of magnetization to an energetically 
unfavorable or hard direction is defined as the CRYSTALLINE ANISOTROPY 
ENERGY, K. The sign of K is indicative of the direction of easy magnetiza¬ 
tion in the crystal. In a cubic crystal, the directions along the cube 
edges are all equivalent by symmetry and are called O-OC0> directions. 

The directions along the cube diagonals are also all equivalent and are 
called <yLllJ> directions. Th6 directions of easy magnetization for K/ > 0 
are the <(100)> directions and for K^O the ^lll)* directions. 

The crystalline structure of most magnetic materials is 
physically distorted as the direction of magnetization is varied. This 
phenomenon is called MAGNETOSTRICTION. Magnetostriction has a strong in¬ 
fluence on the use and characteristics of magnetic materials and will be 
treated in detail in Chapter HI. 

Most magnetic materials are actually composed of many small 
regions or DOMAINS which are each saturated magnetically but differ in 
their direction of magnetization. In zero applied field, the direction 
of the magnetic moments in each domain is usually determined by the 
crystalline anisotropy K. The boundary layers between the magnetic 
domains are called DOMAIN WALLS. The flux reversal of a magnetic material 
possessing a domain configuration is largely a process of domain walls 
moving through the material (see Figure 1-1). Thus the total magnetic 
moment of a material is dependent upon the existing domain configuration, 
which can be changed by the application of an external field. 

Through a domain wall the magnetic moments are directed 
parallel to the moment of one domain on one side and are progressively 
turned parallel to the magnetic moment of the other. Since the magnetic 
moments within the wall are not directed along an easy direction and are 
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not parallel to one another, work is done against the EFFECTIVE WALL 

ANISOTROPY, K w , and the exchange energy. Therefore a domain wall possesses 

a DOMAIN-WALL ENERGY SURFACE DENSITY, a c*Vk Aj It is K which restricts 

w w w 

the thickness of a domain wall to a small value. Therefore when K =0, 

w 

discrete domain walls will not exist. The K is the combined effect of 

w 

3 

the crystalline anisotropy energy K and the magnetoelastic energy. The 
magnetoelastic energy is caused by the strains produced by magnetostric¬ 
tion. Both the crystalline anisotropy energy and the magnetostriction 
must be zero for = 0. Hence if the magnetostriction is nonzero, 
domain walls can exist even when the crystalline anisotropy energy K = 0. 

It does not seem to have been brought out in the literature 
that a difference exists, in general, between K w and Kj, the EFFECTIVE 
DOMAIN ANISOTROPY ENERGY influencing the direction of domain magnetiza¬ 
tion. Therefore this point mast be made clear. The volume of a domain 
wall is so small with respect to the volume of the domains on either 
side that the lattice dimensions within the domain wall will essentially 
be determined by the magnetostriction in the adjacent domains. Since 
the magnetoelastic energy associated with the magnetic moments within 
the wall would be lower if the lattice dimension within the wall were 
not so constrained, work must be done to rotate a moment from its direc¬ 
tion in a domain to its direction in a wall. The effective anisotropy 
energy within the wall is therefore different from that in the domains. 

Kj may therefore be considered as a macroscopic effect influencing the 
direction of magnetization, whereas is a microscopic effect influenc¬ 
ing the rotation of moments through a domain wall 0 It is possible that 
the influence of magnetostriction could decrease while at the same 
time increasing K w « Further comments on these effects will be made in 
Chapter VI* 
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The ter min ology associated with the magnetic hysteresis loop 

is indicated in Figure 1-2, where 

B = saturation-flux density; 
s 

B r = remanent-flux density; 

H = coercive force, the field for B = 0; and 
c 9 3 

B = the maximum flux density for a nonsaturated loop at the 
m 

maximum applied field H^, 

The squareness R of the B-H (or hysteresis) loop will be defined 
S H 

as the ratio of the flux density at - ——— to B , It is because of 

2 m 

this definition that R will vary with the applied field, A maximum R 

s s 

often occurs for H — H , where H is the coercive force for the satura- 
m c 3 c 

tion loop. 

Rectangular or square hysteresis loops have been obtained in 
single crystals of magnetic materialsA square B-H loop was obtained 
in these cases by cutting a sample from a single crystal, such that the 
path of the magnetic flux is always in a direction parallel to a 
preferred orientation of the magnetization within the material. When 
this was done, the reversal of magnetization was accomplished through 
a very small change in the applied field, producing the square B-H loop, 

A polycrystalline material can be considered a closely packed 
assemblage of individual single crystals. The single crystallites in a 
polycrystal are not in general oriented with respect to one another in 
any way. Therefore the problem of obtaining a square B-H loop is far 
more difficult for a polycrystalline material than for a single crystal. 
However, if the crystal line axes of each of these crystallites were 
aligned with one another, a pseudosingle crystal would be obtained, A 
square B-H loop would then be obtainable in the same manner as in the 
case of an actual single crystal. Precisely this has been done with 
metallic tapes where the rolling and annealing process can produce an 




FIG. 1-2 

HYSTERESIS LOOP TERMINOLOGY 
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actual alignment of the crystallites within the material. 

In some materials it has been found possible to produce a 

square B-H loop without an alignment of the crystallites. It is sometimes 

possible to align the magnetic moments of the individual crystallites by 

the application of an external compressive or tensile stress. This has 

1 5 6 

been done with both metals and ferrites. * The necessary requirement 
is that the direction of magnetization within each crystallite be deter¬ 
mined by the directional stress applied. In a few materials the align¬ 
ment of a crystallite magnetic moment with its neighbors is also possible 

by cooling the material slowly through the Curie temperature with a mag- 

7 

netic field applied. 

Since it had.always been necessary to have an alignment of the 
magnetic montents in a square-looped polycrystal, it was thought essential 
to have alignment of the moments if square hysteresis loops were to be 
obtained. However,certain ceramic oxides of iron called ferrites have 

g 

been developed 0 which possess very square hysteresis loops, without the 
use of ary conscious alignment mechanism whatsoever( see Figure 1-3). It 
is these materia l s, called square B-H looped ferrites, which are investi¬ 
gated in this paper. 

Although ferrites have been developed with very high maximum 

squareness (R O.S^ there are basic improvements which, if made, would 
s 

increase the applicability of these materials, losses and high excita¬ 
tion still severely limit the use of these materials in high-speed 

circuitry having low power levels. Efforts to meet this problem have 

9 

produced theories concerning both the square B-H loop and the dynamics 
of the mechanism of flux reversal.^ 

When a material is saturated in a given direction, domain walls 
have been eliminated,and the material is effectively one single domain. 
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FIG- 1-3 

TYPICAL HYSTERESIS LOOPS FOR SQUARE-LOOPED FERRITES 
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Therefore, at the remanent state of very square-looped materials, domain 
walls may not be in existence* Domains of reverse magnetization must be 
first nucleated in this case before a flux reversal is possible* The 
square B-H loop observed for single crystals or pseudosingle crystals is 
thus obtained when both nucleation of domains of reverse magnetization 
and all domain-wall motion are restricted to a single threshold field, 
above which the created domain walls move throughout the material 
producing a sudden flux reversal. The square B-H loop may therefore be 
explained in terms of a nucleation model, whereby nuclei of domains of 
reverse magnetization form at grain boundaries* There are essentially 
three important energy relations which determine the critical external 
field at which nucleation would occur* 

1. Free magnetic -pole energy density at a grain boundary is 
produced by the grain-to-grain misalignment of the directions of the 
magnetization of any two adjacent grains. This free-pole energy is the 
result of the demagnetizing fields which are in opposition to the mag¬ 
netic moments producing them. 

2. Domain-wall energy must be considered, since in the formation of 
a nucleus of reverse magnetization a domain wall must be created. Since 
there is a rotation of magnetic moments within a domain wall against the 
anisotropy and exchange energies, the energy of the system considered is 
directly increased by an increase in the total domain-wall area. 

3. Magnetic-energy density is (-B»H/lm), where a positive direction 
of field is defined as that favoring a complete flux reversal. Therefore, 
the formation of a nucleus of reverse magnetization would reduce the 
total energy. The total effective field is a sum of the applied field 
and the demagnetizing field due to free poles* 
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At the value of the applied field for which a nucleation of 
reverse magnetization becomes energetically more favorable in terms of 
the sum of the three energies involved* a nucleus would form to reduce 
the total configuration energy* If nucleation occurs at a field which 
is greater than the threshold field for domain-wall motion, domain-wall 
■motion will produce a complete flux reversal without a further increase 
in the applied field* This then is the condition that must be fulfilled 
to have a square B-H loop according to the model employed; it has been 
expressed in terms of fundamental parameters 3 L (a ) <60 a , where 

£ is a mean grain diameter, co is the grain-surface pole density, and 
is the energy per unit area of a 180° domain wall* The grain-surface 
pole density co = I g (cos 9^- cos 9^), where I g is the saturation moment 
and the (cos 9^- cos 9^) term is a measure of the grain-to-grain align¬ 
ment of the magnetization which approaches zero for complete grain-to- 
grain alignment* 

In the case of high grain-to-grain alignment of the magnetiza- 

& 

t ion ? co is reduced to an extremely low value, and a square loop is pro¬ 
duced. If the saturation moment of a material is sufficiently low, the 
condition for squareness might be fulfilled if each crystallite was mag¬ 
netized along the easy direction of magnetization nearest to the direc¬ 
tion of the applied field* This is the tentative explanation given to 
the phenomenon of the square B-H loop ferrites* 

It should be noted with respect to this theory for B-H loop 
squareness that the maximum squareness for a material is not a satura¬ 
tion loop. In a ne^aturatxon loop there are domains of reverse mag¬ 
netization as an initial condition. Therefore,to apply the nucleation 
theory to this case, it was tacitly assumed that the domain walls present 
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at the initial state are frozen in their position by grain boundaries, 

voids, etc., and therefore do not participate in the flux reversal over 

the nonsaturation B-H loop being considered. This assumption may or 

may not be a valid one. If the assumption is not valid, the theory as 

presented is not applicable. 

The force on a unit surface of a 180° domain wall is 

HB cos 9/2n, where 9 is the angle between the magnetization and the field 
s 

In the case of high grain-to-grain alignment of the magnetic moments 
cos 9-1 for all crystallites. Therefore, the force on all domain walls 
would essentially be the same value, and when the threshold of domain- 
wall motion is reached, a complete flux reversal would occur over a 
small increment of applied field, producing a square B-H loop. For this 
mechanism to prevail, the threshold field for all the walls participating 
must be the same. Therefore, regardless of the mechanism involved, it 
may be stated that a grain-to-grain alignment of the magnetic moments 
within a polycrystal is the most important single .condition that produces 
B-H loop squareness. 

The square B-H loop materials used in computer-storage devices 

must have a response to low-pulse excitation that has a duration in the 

8 

order of microseconds. 0 Therefore, it is desirous to minimize both the 
time for flux reversal in these materials and the necessary pulse excita¬ 
tion to produce this flux reversal. A theory of the flux-reversal 
mechanism in polycrystalline materials has been advanced^ using the 
model of expanding cylindrical domains of reverse magnetization. The 
shape of the voltage response of a polycrystalline ferrite to pulse ex¬ 
citation can be explained mainly on the basis of the change in effective 
domain-wall area. A figure of merit for the magnetization reversal is 
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defined as the switching coefficient S = (H - H )t, where x is the time 
required to reverse the magnetization, is the applied magnetic field, 
and H q is the threshold-field value at which the average domain-wall 
velocity is zero* 

The equation of motion of a cylindrical 180° domain wall has 
been derived in Appendix I* Since the effective mass of a domain wall 
is very low, the couplete equation of motion can be expressed in a simpli¬ 
fied forms 

3 CT w 

PA * -*r~ a P * “p“ = 2H m I c cos 

where p is the radius of the cylindrical domain wall, a is the domain- 

W 

wall energy surface density, p is the viscous damping coefficient which 

is proportional to cr w , o is the stiffness coefficient, is the applied 

field, I is the saturation moment, and © is the angle between H and 
s m 

I » Rewriting the equation of motion one obtains the following relation- 
s 

ships 

a , 

M - - H 0 ) I g cos ©, where H o =(-~- ♦ - 5 - ap)/2I g cos ©, 

The switching time x ■ d/v, where d is an average distance a domain wall 

travels in the time x and v is the average wall velocity* Therefore, 

the coefficient S ■ (H - H ) x can be shown to be S ■ M .. . 

w in o w cos & 

s 

The switching coefficient has been measured on both metals 
and ferrites* The switching coefficient is low (S^ 0.U oe-psec for 
metallic tapes) because of the high saturation moment and high grain-to- 
grain alignment of the magnetic moments in these materials* 1 oe-p.sec 
for most ferrites* Therefore, in this respect, present square B-H fer¬ 
rites are inferior to metals* 
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G. The Specific Problem 

The importance of grain-to-grain orientation of the magnetiza¬ 
tion has been shown for both metals and ferrites. Therefore, it is 
possible that the moments in square ’B-H„ loop ferrites could be given 
a grain-to-grain alignment by some internal mechanism. The crystalline 
anisotropy can produce a partial alignment when the magnetic moments lie 
along directions of easy magnetization nearest to the direction of the 
field. However, any internal mechanism producing a greater alignment 
must be the result of either an orientation of the crystallites or the 
influence of magnetostriction. 

Since there is no apparent alignment of the crystallites, a 
study of the polycrystalline magnetostriction of a compositional series 
in the system containing square-looped ferrites has been made. The 
customary methods of measuring magnetostriction in ferrites would not be 
valid,, if an alignment does exist. Therefore, a different experimental 
technique has been used which permits meaningful data to be obtained. 

The polycrystalline magnetostriction data has been analyzed in terms of 
a model for the polycrystal which permits a qualitative interpretation 
of both the single-crystal magnetostriction and the degree of grain-to- 
grain alignment within the material. 

Large magnetostriction effects have been observed in some fer¬ 
rites possessing nohsquare ByH loops. However, when this investigation 
was initiated, there had not been any systematic investigation of magneto¬ 
striction in ferrites possessing square B-H loops. Since the initia¬ 
tion of this work, others have published a paper which reports magneto¬ 
striction data obtained on a compositional series of ferrites which 
possess varying hysteresis-loop squareness.^ 


The experimental data 
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that is reported is compatible with the results of this work 3 however, 
the conclusions are completely different from those of this investigation* 
£L critique of the work has therefore been necessary. 
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CHAPTER II 
COMPOSITIONAL SPRVET 


An extensive investigation by M.I.T.'s Lincoln Laboratory 
concerns the compositional effect on the square B-H loop properties of 
ferrites* Many compositional systems have been investigated; however, 
the most significant and conplete data were collected on the two systems 
that will be discussed* 

It seems advisable to mention briefly at this point some of the 
difficulties involved both in controlling and in determining the chemistry 
of these materials* In most compositions that have been considered, both 
manganese and iron ions exist in the same structure* Both of these 
elements are multivalent. In the process of making polycrystalline 
ferrites, it is necessary to sinter the material at a temperature of 

13^0 C to llifjO C, At these temperatures there is an oxidation of some 

*3 ^3 

of the Mn ions to Mn to give Mn^O^ and a reduction of some of the Fe 

*2 

ions to Fe ions to give Fe^O^ in solid solution with the original fer¬ 
rite* 


Since Mn^O^ is, by itself, tetragonal, an excessive amount of 

this component may cause a precipitation of a second phase. If Fe + ^ ions 

*2 

are not reduced simultaneously with the oxidation of the Mh ions, there 
may be an excess of Fe*^ which is precipitated out as a - Fe^p^o Both a 
second phase and the presence of Fe^O^ are undesirable in these materials* 
The second phase would produce demagnetizing fields within the material, 
tending to inhibit a square B-H loop* The high conductivity of Fe^O^ 
makes the presence of this component undesirable. Further, even if a 
second phase is not formed, the oxidation process takes place more readily 
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near an exposed surface 0 Therefore, as one goes into the material from 
the surface, there is a compositional change due to a change in the 
amount of oxidation that has taken place; thus air sintering produces 
inhomogeneous products* Homogeneity may be improved, however, by anneal¬ 
ing the products in an inert atmosphere after sintering* This anneal 

+3 +2 

appears to reduce most of the Mh ions back to Mn ions without appre¬ 
ciably affecting the iron valencies* 

Not only is it difficult to control the valence of the Mn and 
Fe ions, but it is also difficult (impossible at present) to ascertain 
the actual valence of these ions in the final product* This is again due 
to the fact that both of these elements are multivalent, and present 
methods of analysis do not permit determination of the valencies when two 
multivalent ions are present* The total amount of each element can be 
determined and agrees with the as-mixed components* Therefore, it is 
only possible to express the compositions in a simplified form; it is 
recognized that this simple case does not actually existo 

The first compositional system to be considered may be expressed 
in terms of the following general formulas 

(MgOFe 2 0 3 ) (1 _ a)(w) * (>fa0Fe 2 0 3 ) a(l^) *< Mn 3°uV 
where the compositional parameters o and y can vary from 0 to 1* MgOFegO^ 
is magnesium ferrite, MnOFe^O^ is manganese ferrite and Mn^O^ is called 
Imusmannite* Therefore, in this system Mn^O^ is being added to a mixed 
stoichiometric mixture of Mg and Mh ferrite. Both Mg ferrite and Mn fer¬ 
rite are magnetic and have a cubic spinel structure* On the other hand, 
Mn^O^ is paramagnetic and has a tetragonal spinel structure* 

The other compositional system is quite similar in its general 
formulas (Mg0Fe 2 0 3 )^ 1 _py^ 1 ^#(Zn0Fe 2 0 3 )p^ lDjY ^(lfo 3 0 ii ) Y ,where p and y are 
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compositional parameters which can vary between 0 and 1* This system 
differs in that zinc ferrite, ZnOFe^O^, has replaced the manganese fer¬ 
rite and the parameter p has replaced a* Zinc ferrite is paramagnetic 
and has a cubic spinel structure e 

Maximum B-H loop squareness, R , has been plotted in Figure 2-1 

s 

as a contour map with y as the ordinate and with a and p as the abscissae 

for the right and left sides,respectively* It is apparent from this 

figure that R is mainly a function of the parameter y with an optimum 

occurring for any fixed a or {3 at y 0.15>. Starting from the line a = 0, 

an increase in a increases the magnitude of R g and broadens the influence 

of y up to about a =0,3. For 0.3 ^3., the contour map is essentially 

a broad plateau with a small singular peak for a ^ 0.6 and y = 0.1f>. The 

influence of {3 is very similar to the effect of aj the paramagnetic 

character of zinc ferrite, however, dilutes the magnetic exchange to 

reduce the Curie point T to room temperature or below for {3 ^ 0.65* 

c 

Although the Mn ions of Mn^O^ have large magnetic moments, the 

moments of some ions apparently do not interact with the other magnetic 

moments in the crystal structure® Therefore,T and room-temperature B 

c s 

decrease as y increases beyond a critical value® As a is increased, T 

c 

and the room-temperature B both increase because of the large magnetic 

s 

moment of Mn ferrite® On the other hand, as (3 is increased, the para¬ 
magnetic 2n ferrite dilutes the magnetic-exchange forces and eventually 

reduces T below room temperature. The saturation moment,however,is v 
c 

increased as {3 increases to p ^ 0.1^5 because of a displacement of Fe J 
ions to different crystallographic positions® 

Since B-H loop squareness JLs the main concern in this investigation, 
it was decided to give first priority to a study of the effect of the 
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parameter Y> a study of the effect of the parameters a and. p was left 
to later investigation. Therefore,the common boundary between the two 
ternary systems discussed, the binary system (MgOFe^O^ was 

selected for study. Thirteen compositions were selected in which y varies 
from 0 to 0,6 in steps of 0,0$, 
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CHAPTER III 
MAGNETOSTRICTION 

A. Single-Crystal Phenomenon 

12 

The phenomenon of magnetostriction was first observed by Joule 
in 18U2. Magnetostriction is the name given to the change in size and 
shape of a material as influenced by its magnetization, A phenomeno¬ 
logical expression for magnetostriction has been derived by Becker and 
13 

Doring; nevertheless,little is known concerning the actual physical 

mechanism causing the phenomenon. However, calculations of Van Vleck^ 

1 *> 

concerning the crystalline anisotropy and those of Vonsovsky concern¬ 
ing magnetostriction indicate that both of these phenomena depend strongly 
on the spin-orbit coupling of the magnetic ions. The orbital angular 
momentum of the electron configuration in each magnetic ion is usually 
strongly related to the crystalline structure in which the ion is located. 
The magnetic moment of an ion is determined almost entirely by its spin 
angular momentum. Hence it is quite understandable that if there is a 
spin-orbit coupling, the magnetization is influenced by the crystalline 
structure, and conversely the crystalline structure is influenced by the 
magnetization « 

A. brief and simplified outline of the derivation of the single- 

3 

crystal-magnetostriction equation, as given by Kittel, will be given to 
acquaint the reader with the principles involved. Since the magneto- 

ft 

striction is so closely associated with the crystalline anisotropy, it 
can be formally considered as the strain dependence of the crystalline 
anisotropy. The free energy in any physical system must be a minimum for 
stable equilibrium. Therefore,for a material in zero effective field, 
the total of the sum of the following three energy densities must be 


-21 
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a minimum: (1) elastic-energy density U g , (2) anisotropy -energy density U^, 

and (3) magnetoelastic energy U , 

c 

The elastic-energy density, U e , is due to physical deformations 

of the crystal lattice and the associated stresses involved. U e can be 

expressed generally as U = l/2 G e e ,where the C are the moduli 

^ 6 J e ' nm ran m n’ mn 

of elasticity and the e or e are the strain coefficients describing the 

m n 16 

distortion of the crystal lattice. If the symmetry property of the C mn 
matrix elements and the symmetry properties of the cubic-crystal lattice 
are used, the expression for U g can be greatly simplified to the follow¬ 
ing form: 


1 2 2 2 

U =7? C,,(e + e + e ) * C, -(e e +ee * e e ) * 

e 2 11 xx yy zz ' 12 v xx yy yy zz zz xx 

1 _ , 2 2 2x 

2 44 yz zx xy ' 

Because of the symmetry of the cubic lattice, the anisotropy- 

energy density can be expressed, to first order, in the following form: 

„ v , 2 2 ^ 2 2 2 2, 

U A = K '“l a 2 °1 a 3 a 2 a 3 

where K is the anisotropy coefficient and the cu are the direction cosines 
of the magnetization direction relative to the crystalline cubic axes. 

The magnetoelastic energy expresses the coupling between the 
magnetic and elastic phenomena and is therefore the energy term from 
which the magnetostriction is derived 0 If the change in volume is 
neglected, this energy can be expressed, to first order approximation, as 

* B l (o l 2e M * “2%y * * B 2 (a l a 2 e xy * a 2 a 3 e ys * WJ' 

where and B^ are called magnetoelastic coupling coefficients* 

In an unconstrained system, the equilibrium value of the strain 
components for any direction of magnetization can be determined from the 


condition 


vv> 

& e ik 


= 0 « 
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It should be noted that^if constraints are present, the cu *s are functions 

of the strain components e ^ ,and enters explicitly into the problem. 

Thus e., is found as a function of the direction cosines a., 
xk x 

The relative change in length in a direction determined 

by the direction cosines can be expressed as a function of the strain 
components?p = ^e.^p.p^. Therefore, by substitution of e .^/ tt.) 
in the expression for the relative change in length, the equation for 
first-order single-crystal magnetostriction is founds 


f - 4- \o<iV * ° 2 V * *3 V - 7 ) 


where '/S 


3 ^3 

+ ^ ^111 ( a i a 2^1^2 + a l a 3^1^3 a 2 a 3^2^3^ 

2B, 


(3-D 


100 


3( C ll“ °12 


) ’ ^ 


11 


..i 


3C 


hh. 


the a. are the 
> x 


direction cosines of the magnetization,and the fL the direction cosines 
of the measuring direction. By the insertion of a constant term, the 
- 1/3 in the coefficient of ^\qq 3 Equation 3-1 has arbitrarily been ex- 
pressed so that ^ = 0 for a completely random distribution of the eu 
and When the magnetization is along one of the cubic axes, the ^100^> 

direction^ then cu^ = 1, = 0 and Equation 3-1 reduces to 

x ’ 4- ^oo'Pi 2 - J>- 

Similarly when the magnetization is along a ^ill) direction 

(X. = a 0 = a_ = -J=r- and Equation 3-1 reduces to < 

1 d j yj 1 

y - * hh * hh h <3 - 3) 

Similar expressions for in terms of the a. are also found for the 

cases where the direction of measurement is known and is along first the 
^LOO^direction and then along the <^Lll) direction. Therefore, the reason 
for the use of ^qq and f° r the magnetostriction coefficients 


becomes apparent. 



The coefficients ^^.OO ^"111 var ^ considerably from one 


material to another, both 

in magnitude and sign. 

A few typical examples 

are given below? 



Material 

A 100 x 10 6 

/till x 10 6 

Iron 

+19.5 

-18.8 

Nickel 

-1*6 

-25 

2l* 

Magnetite 

-19.1* 

+86 .1* 

Nickel ferrite^ 

-36 

-1* 

Cobalt ferrite"^ 

-515 

+1*5 


JL positive sign indicates an expansion and the negative sign a contrac¬ 
tion in the direction considered. For example, if iron was magnetized 
along a <^100/ > direction the material would elongate in the direction of 
magnetization and if magnetized along a (lll)> direction it would 
contract in the direction of magnetization. Equation 3-1 indicates that 
the magnetostriction is a function only of the direction of magnetization. 
This is true for most materials at low fields, but at high fields the 
linear magnetostriction is effected through a volume change due to the 
high fields. This effect due to high fields is usually so small that 
it can be neglected. 

B. Polycrystalline Phenomena 

Since the square B-H loop ferrites are polycrystals, it is 
desirable that a model be constructed which can utilize the single-crystal 
magnetostriction formalism. This would permit evaluation of polycrystal¬ 
line magnetostriction data in terms of the single-crystal phenomenon. 

In the selected model a polycrystal is considered an ensemble of single 
crystallites, and crystallites are assumed to possess single-crystal 
magnetostriction characteristics and differ only in their relative crystal 
lographic orientations. In order to construct a relationship between the 



Report R-236 


-25- 


polycrystalline behavior and that for the single crystal, the simplify¬ 
ing assumptions stated below are necessary® 

1. A macroscopic strain measured on the polyciystal in a given 
direction can be expressed as a simple summation of the strains in the 
crystallites along that direction® Experimentally, it is known that this 
is a reasonable assumption® It should be noted that the volume change 
neglected in the single-crystal formalism still holds for this poly¬ 
crystalline model. 

2. The distribution of crystallite orientations within the poly¬ 
crystal is usually not known 0 In sintered ferrites it is reasonable to 
assume a random distribution of these crystallites® 

3. Since the material as a whole is not mechanically constrained, 
each crystallite can be considered as without constraints® This assump¬ 
tion can be justified as a first approximation provided that the fraction 
of the total magnetoelastic energy which influences the magnetic-moment 
direction in ciystallites is small® This condition can be reasonably 
fulfilled when the total magnetoelastic energy is large with respect to 
the crystalline anisotropy energy K® This condition can also be ful¬ 
filled when the magnetic moments are aligned by a saturating external 
field. However, when this condition is not fulfilled, the magnitude of 
the macroscopic strain would be reduced,since constraints would then be 
placed upon each crystallite of sufficient magnitude to inhibit strains 
due to magnetostriction® 

lie The distribution of the magnetic moments within the polyciystal 
is, in most cases, not known and must be assumed® It is this assumption 
that must be given careful consideration for each situation® 
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One of the few eases for which the distribution of magnetic 
moments is known is the case of magnetic saturation of the polycrystal. 
Thereforejif the measurement is in a direction parallel to the satura¬ 
tion direction, cu * p„ in each crystallite, and Equation 3-1 can be 
reduced to the following forms 


T s ^ioo£ * 3(6 - x ) (hW * p i 2p 3 2 * (3 ~ 4) 


where e = A )1 - | / ^qq» The average macroscopic magnetostriction which 
is measured in a polycrystal parallel to the direction of the saturating 
field, when the saturating field is applied, is obtainable from Equation 
3-h by averaging the direction cosines over all crystallographic 
directions. Actually it is the direction of crystallite orientation 
which should be averaged. Since a random distribution of crystallite 
orientation has been assumed, the average over-all single-ciystal direc¬ 
tions without a weighting function is justified. The averaged cosine 
term of Equation 3-li is ($-±$2 * ^\^3 * ^2^3^ ~ * 

Equation 3-h may now be written as an averaged magnetostrictions 

&)- % 


'll 


(S) 


(3s ♦ 2 ) a 
- 5 — A ioo 


( 3 - 5 ) 


The average magnetostriction coefficient /V,, is an isotropic quantity 

"(S) 

for a polycrystal regardless of the orientation of the sample. For the 
case of an isotropic magnetostriction, a simple angular dependence ex¬ 
ists for the first-order change in length at any angle 9 from the satura¬ 
tion directions 


f - 4- A |1(s) (co S 2 * - . (3-6) 

Other simplifying cases of the distribution of magnetic moments within 
a polycrystal are the cases when all the moments in the individual 
crystallites are along either the (lOO^ or (111^ direction nearest to 
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a specified direction in the polycrystal,, In these cases Equation 3-1 
reduces to Equations 3-2 and 3-3* respectively, for the individual crys¬ 
tallites? 

“ "4” ^*100^1 ~ ~T~ ^ (3-2) 

J - £ \x><h?2 * h*3 * ¥9 (3-3) 

The averaging of the direction cosines fL in these equations should not 

be taken over all crystallographic directions since the distribution of 

the direction of magnetization among the equivalent directions specified 

is not isotropic. Equation 3-2 has been appropriately averaged by 
13 

Becker and Dorings 

(t) = ^tt(xoo) = ?■ ^100 = Oo ^ \oO> 

where the symbol X u is the macroscopic magnetostriction of a poly- 

n (ioo) 

crystal when the individual moments of the crystallites are along the 
^ 100 ^direction nearest to a reference direction in the polycrystal and 
the direction of measurement is parallel to this reference direction. 
Equation 3-3 has been appropriately averaged in Appendix Bs 

(¥) * 6 ^00 ’O' 61 * s 'W ( 3-«> 

^ _ _ 

where s * ^■ , The symbol A.. has the same meaning as A,, 

^100 (111) M (10G) 

except for the difference in the direction of magnetization of the in¬ 
dividual crystallites, 

^■111 

The parameter s ® 55 —— is a measure of the anisotropy of the 
^100 

single-crystal magnetostriction. Therefore, the macroscopic magneto¬ 


striction of a polycrystal as a function of field is dependent on both 
the angular distribution of the magnetic moment of the crystallites and 
the parameter e. The isotropic case is that for which s <* 1* In the 
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isotropic case the polycrystalline magnetostriction is a function of 
only the (cos^Q ) where & is the angular relationship between individual 
magnetic moments and the direction of measurements 0 However, when 
e5*1, the magnetostriction of a polycrystal cannot have a simple inter¬ 
pretation in terms of the directions of magnetization within the material. 

Since in the general expression for the single-crystal case 
two constants are involved, A^^ and e, these constants can theoretically 
be determined from polycrystalline data if two independent distributions 
of the magnetic moments are actually known. Magnetic saturation is one 
case where the distribution is known. For this case Equation 3-5 gives 

the expression A for the magnetostriction parallel to the satura- 

" (S) 

tion direction. 

If the effective domain anisotropy K,)> 0 and large, then A,, 

d " (100) 

could be measured parallel to the direction of saturation when the 
saturating field has been removed. Similarly if K ^<[0 and large, then 
"pT .. could be measured parallel to the direction of saturation when 

^ I 1 (111) 

the saturating field is removed. Therefore, if either of these cases 
exists and the material can still be saturated so as to measure An j 

II (a) 

the constants A-^qq and e can be determined. However, in most 
polycrystalline materials little is known about the actual domain 
configuration at H = 0. Although A-^qq cannot, in general, be determined 
from polycrystalline measurements, an analysis of the observed data in 
terms of the idealized situations mentioned can be quite relevant con¬ 
cerning the qualitative influence of A-^q and e« An analysis of this 
sort will be made in this paper concerning the experimental data 0 
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CHAPTER IV 
EXPERIMENTAL METHODS 


A* Critique of Present Methods 

The concepts expressed in Chapter III have been known for some 

time* However, much magnetostriction data presently available should be 

critically examined as to its meaning on the basis of the experimental 

technique employed,, Most existing experimental data on ferrites has been 

l8 

obtained on long-bar samples or long ellipsoids of revolution, and 

19 

some data have been obtained from toroidal samples 0 In the case of 
long-rod samples or ellipsoids, the external magnetic field has been 
applied in only one direction, along the long axis of the specimen, and the 
magnetostrictive strain measured on only the long dimension* For the 
case of toroidal samples a circumferential field is applied and the 
magnetostrictive strain measured on a diameter of the toroid* These 
methods are essentially the same,except that for the case of the toroid 
there is not the demagnetizing field which is present for the rod and 
ellipsoidal samples* 

The magnetostrictive strain as measured by the techniques just 
mentioned is plotted versus the applied field as the field is increased 
from zero to a saturating value* The major criticism that can be made 
of this method is that it makes the arbitrary assumption of zero magneto¬ 
striction at zero field* The zero for the derived magnetostriction for 
a single crystal is arbitrary (see Chapter III )5 this arbitrary zero 
reference is held throughout the derivation for polycrystalline magneto¬ 
striction and cannot be assumed to occur at zero fields it must be 
established experimentally before data can be meaningful* 


-29 
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As shown in Chapter III, the polycrystalline magnetostriction 
is dependent upon the distribution of magnetic moments throughout the 
material* The zero reference at zero field for polycrystalline magneto¬ 
striction corresponds to a completely random, or isotropic, distribution 
of the magnetic moments 0 The assumption that a random distribution of 
the magnetic moments exists at a zero field can be justified for some 
materials* However, for the general case, and especially for materials 
possessing a square hysteresis loop and therefore a high remanent -flux 
density, this asaosptlon is not valido 

If the assumption of an initially random distribution is not 
valid, the magnetostriction at zero field along a measured direction 
could be highly positive or negative,depending on the actual distribu¬ 
tion of the moments and the values of the single-crystal constants Xj.oo 
and e* Therefore,it is conceivable that a saturation magnetostriction 
as determined by these methods could not only be incorrect in magnitude. 
but also in sign* 

Another point should be made concerning the way in which the 

applied field is controlled* Some workers using long-rod samples have 

reported the magnetostrictive strain as a function of the applied field 

20 

which is directed along the axis of the specimen and then reversed. 

In general, the flux reversal of most materials at low fields is accom¬ 
plished both by a rotation of the magnetic moments and by the motion of 
domain walls 0 In fact, for most materials possessing a square hysteresis 
loop, 180^> domain-wall motion unquestionably plays a major role in the 
flux reversal. Magnetostriction is dependent on the angular orientation 
of the magnetic moment and not on the polarity of the moment. The 
motion of 180^- domain walls, however, serves just to change the polarity 
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of the magnetic moment and does not produce any magnetostriction effects* 
Although the magnetization goes through zero in a flux reversal due to 
180 0 -wall motion, the magnetostriction does not. The assumption of zero 
magnetostriction at zero field, or even at demagnetization, is clearly 
not justified in these measurements. 

It must be concluded that any assumptions concerning a zero 
reference for the magnetostriction at zero field would not be valid for 
the general case, and especially for materials possessing a square 
hysteresis loop. The zero reference must be experimentally established. 
B. Technique Employed 

In view of the criticism that can be made of the usual tech¬ 
niques for obtaining magnetostriction in ferrite in general, and es- 

/ 

pecially ferrites possessing square B-H loops, a somewhat different 
method was used by the author. The technique that was used employed 
thin-disc samples approximating an oblate spheroid. The magnetostrictive 
strain was measured along a fixed diameter as shown, and the saturating 
field was applied in the plane of the disc .-(Figure fo-1). 

It has been shown in Chapter III that the magnetostriction for 
a saturated polycrystal can be expressed in the following formt 

v. (cos 2 © - 1 ), (40 

where © is the angle between the direction of measurement and the direc¬ 
tion of the saturation moment. Therefore, rotation of the sample in a 
saturating field, as shown in Figure I 4 .-I would produce just the magneto— 
strictive strain in the measured direction which is given by Equation 
ii-1. Measurement of the strain for © = 0 and © = —— provides both a 

measurement of and a determination of the zero reference for addi- 

"(S) 

tional magnetostriction data. Essentially the same method has been used 
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by others for the determination of 


II 


(S) 


for metals ^® 3 ^ but is not 


known to have been applied to ferrites* 

Magnetostriction data has also been obtained as a function of 
the applied field. Considerable care has been exercised in order to 
obtain meaningful data. Most magnetostriction data is obtained by chang¬ 
ing the field from zero to the desired value and recording the accompany¬ 
ing strain in the direction of the applied fieldo However, for low 
fields there is little possibility that the direction of measurement is 
actually an axis of symmetry for the angular configuration of the magnetic 
moments within the material. Therefore, in this paper magnetostriction 
data has been obtained for the case of changing the field to the desired 
value from the saturation value as a reference. Thus the direction of 
the saturating field becomes an axis of symmetry for the angular con¬ 
figuration of the magnetic moment regardless of the field applied. These 
data in conjunction with the zero reference determined as above provide 
data which can be given a fundamental interpretation* 

G. Equipment 

The magnetostrictive strain of most materials is extremely 

-6 

small and is a relative change of the order of 10 . To measure this 

p *| 

strain, some workers have used a mechanical-optical system. Goldman ^ 
and others have utilized resistance-wire strain gages for this purpose. 
These strain gages are made by the Baldwin-Lima-Hamilton Corporation} 
they have been found to be extremely reliable and do not require indi¬ 
vidual calibration. Therefore, because of the ease of measurement, 
resistance-wire strain gages were used for this investigation. M. typical 
strain gage is shown in Figure 4-2* The gage consists of a fine grid of 
constantan wire which when placed in intimate contact with a material is 
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GRID OF 
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H0.2CMK 
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-- 1 - 


\ 

FIG 4-2 

RESISTANCE-WIRE STRAIN GAGE 
(BALDWIN-LIMA-HAMILTON CORP. SRA TYPE A-19) 
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expanded or contracted according to a strain of the sample* The expan¬ 
sion or contraction of the wire grid produces a corresponding change in 
the cross-sectional area of the wirej this in turn increases or reduces 
the total resistance of the wire composing the grid* The relative change 
in resistance of the strain gage is a linear function of the strain to 
be measured. The constant of proportionality between the measured strain 
and the change in resistance is of the order of unity and is called the 
gage factor. The gages of a given manufacturing lot are calibrated by 
the manufacturer. The wire grid of the strain gage is mounted sandwich 
style between two sheets of paper, thus providing a means of handling 
the wire grid. This sandwich is then glued to the sample; the glue and 
method used were those recommended by the manufacturer* 

The relative change in length of the strain gage can be 

measured with comparative ease by means of a simple d-c bridge circuit 

22 

(Figure 4-3). It has been shown that maximum sensitivity of the 
bridge will occur for the case when all bridge arms are approximately of 
the same impedance. Therefore, each bridge arm consists of a strain gage, 
and balance is obtained by shunting one arm with a high-impedance decade 
box* Thermal equilibrium for all wire junctions and components is 
required to keep all thermal noise constant relative to the desired 
sensitivity. Also the thermal-resistance change of the measuring gage 
must be compensated by maintaining one of the other arms of the bridge 
at the same temperature as the measuring gage. Therefore, the measuring 
gage and the compensating gage are kept at the temperature of the sample* 
The other two gages of the bridge are kept at room temperature. 

The balance voltage of the bridge is detected by an ultra¬ 
sensitive d-c breaker amplifier and recorded on a recording milliammeter. 



A—61187 


PASSIVE STRAIN GAGE, 
HELD AT A FIXED AMBIENT 
TEMPERATURE 


ESTFRLINE 


LISTON 4 BECKER 

ANGUS CO. INC. 


BREAKER 

0-1.0 MA 


AMPLIFIER 

RECORDING 


MODEL 14 

MILUAMETER 




MEASURING STRAIN 
GAGE, LOCATED ON 
SAMPLE 


NOTE: ALL STRAIN GAGES ARE 
BALDWIN - LIMA- HAMILTON CORP. 
TYPE A-19 HAVING A RESISTANCE 
OF GO ± .5 OHMS AND GAGE FACTOR 
I.5S ±3%. 




GENERAL RADIO 
DECADE RESISTOR 
TYPE 143 2 M 
(.11,110 OHMS TOTAL 
IN STEPS OF I OHM). 


COMPENSATING STRAIN 
GAGE LOCATED NEAR 
TO SAMPLE AT SAME! 
TEMPERATURE AS THE 
MEASURING GAGE. 


4-1.34 V MERCURY BATTERIES, MALLORY 
RM-I2R,CONNECTED IN SERIES,PARALLEL. 


FIG. 4-3 

CIRCUIT SCHEMATIC FOR THE MEASUREMENT OF MAGNETOSTRICTION 




Report R-236 


-37- 


The amplifier used was a Liston-Becker Model lU which has a sensitivity 

_g 

of 10 volts with an input impedance of 100 ohms. A voltage is developed 
across the amplifier when the bridge is perturbed from an initial state 
of balance by a change in strain-gage resistance; this voltage can be 
shown to be approximately e = E S r/r, where r is the resistance of 
the gage and E is the dpc„ potential applied to the bridge. For the 

strain gages used 6 r/r — 1.6 $>&/£ , and the voltage was E rs* 3 volts. 

-8 

Therefore the amplifier sensitivity of 10 volts corresponded to a 

-9 

strain of approximately 2 x 10 , which was very adequate for the measure- 

-8 

ments reported here. A sensitivity of 10” was found.,experimentally. 

The wiring of the experimental apparatus is shown in Figure U-Ue 
AH. bridge components and connections, except for the decade box and the 
compensating and measuring gages, are located within the copper box shown. 
The box provides both thermal and electrostatic shielding for the 
components within. The two gages within the box were thermally stabilized 
by clamping them between two large copper blocks. Each wiring connection 
was also made on a copper block for thermal stability. 

An exploded view of the sample holder is shown in Figure i|-5>. 

The problem was to 

1. Suspend the disc sample in a magnetic field at an equilibrium 
temperature ; 

2. Permit rotation of the sample in a fieldj 

3. Provide for a measuring and compensating strain gage; and 
It. Permit a measurement of sample temperature. 

The compensating gage was glued to the gage plate, and the thermocouple 
was clamped to this plate. The sample plate containing the disc sample 
with strain gage glued on one side was made easily replaceable. Thermal 
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insulation was accomplished by a nylon thermal insulator. All parts are 
brass except where noted. Hence a satisfactory thermal stability was 
established for sample and strain gages. The protecting cap and neoprene 
gasket permit emersion of the sample holder into any desired coolant. 

Rotation of the sample holder is provided by the rotating head 
shown in Figure U-6. The dial plate was engine divided, and the vernier 
permits an accuracy of 0.1 degree. The worm drive is mounted in a rock¬ 
ing arm which permits the worm to be disengaged from the worm gear with 
relative ease. This feature permits a rapid rotation of the sample 
through any large angle. 

Suspension of the sample in a magnetic field was provided by 
a yoke which rested on the magnet. The sample holder, rotating head, 
and yoke are shown assembled in Figure U-7» The entire experimental set¬ 
up for magnetostriction measurements is shown in Figure i|-8$ the sample 
holder is inside of a Dewar flask in the magnet. A- Varian V-ij007 
magnet was used with a Varian V-2200 regulated power supply. The pole 
pieces were 6 inches in diameter and Ij. inches apartj the maximum field 
available at the center was 3>f>00 oersteds. 

D. Procedure 

At each sample temperature the following steps were taken to 
determine the saturation magnetostriction constant Am t 

(a) 

1. After thermal transients due to the setup of equipment had 
sufficiently subsided, the bridge was balanced. 

2. The maximum field was applied and the sample rotated. The 
amplifier gain was adjusted to produce a maximum deflection of about 0*5 
milliampere on the recording milliammeter. This technique results in an accu¬ 
racy in the strain measurements as a Junction of the applied field of about 
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3 percent of , 

"(S) 

3. By noting the dial readings on the rotating head for 

maximum deflections, it was possible to determine when the measured 

direction was parallel or perpendicular to the applied field since 

/l|| (cos 2 ©-—-). 

* 2 "(S) 3 


l*. The sample was next placed so that the measuring direction 

was parallel to the applied field, then perpendicular to the field,and 

then parallel to the field. The excursion recorded on the meter was a 
3 


measure of —— ( S£ /^) 


for this field. This process was 


isotropic 

repeated for successively lower fields. This procedure provided data for 

an isotropic relative change in length, (<f ^ i so tropic J as a ^ unc ^i° n 

of the external field. When the material is saturated, /jtl i so tropic 

/{ .. . Therefore,examination of the data as a function of field 

'< s > 

determines whether, at the maximum field used, (**-//) isotropic = 


^11 (S)‘ 

The equipment was calibrated for each temperature and for each 
sample. This was necessary because the sensitivity of the equipment was 
adjusted to suit the saturation magnetostriction for each case. Cali¬ 
bration was carried out in the following manner* With the initial state 
that for bridge balance, the decade box was varied a sufficient extent 
to produce a deflection of the aiHiammeter of the same order as the 
measurements being made. The relative change in resistance of a bridge 
arm due to a change AR in the decade resistance R can be shown to be 
Ar/r = (r gage) AR/R . Therefore,the deflection of the meter can be 
calibrated for the change in resistance of the strain gage. For the 
conditions and over the range of measurements specified, it was found 
experimentally that the meter deflection was a linear function of the 
Ar/r of a bridge arm. The calibration of the measurement, as derived 
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in Appendix C, is given by 

S = ^ j (— W~) • per I “-H^- aiI1 P ere deflection, 

where d is the deflection of the meter in milliamperes corresponding to 
the change in decade resistance AR, r is the gage resistance, and G is 
the gage factor. 

The magnetostriction parallel to the saturating field was 
measured as a function of field as foilowes the field was decreased 
from the maximum value to the field under consideration, and the 
corresponding strain parallel to the field measured. Return to a maximum 
field between measurements at lower fields permits any thermal drift 


present to be eliminated from the measurement. The measured value of 

X was then added to the above data to obtain Xu as a function 

» (S) 11 

of field. 


Data have been obtained from each sample in three coolantss 
(1) GOg ■* Acetone mixture (-78 G), (2) ice water (0 C), and (3) room 
temperature water (20 C). It had been hoped to obtain data at liquid- 
nitrogen temperature (-200 C)« However, at these temperatures the Duco 
glue recommended by the strain-gage manufacturer for fastening the gage 
to the sample apparently froze. Since the glue has a different thermal 
coefficient of expansion than the sample, the bond was broken. Some 
experimentation was made with Teflon cement without success. If a satis¬ 
factory glue £ad been found, an extensive calibration experiment using 
this new adhesive at these temperatures would have been necessary. 

Because of time limitations, further attempts to obtain magnetostriction 
data at this temperature were not made. 

E« Sample Preparation 

As discussqd in Chapter II a compositional series of the general 

; ' i 

formula^ (^OFegO^)^^ was prepared. Thirteen compositions were 
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made for G <Y^0 o 6 in steps of 0®05> o For each value of y both toroidal 

and disc samples were fired c Because of the complex chemistry involved, 

the firing cycle that produces optimum square“hysteresis characteristics 

would not, in general, be constant over a compositional Series® There- 

fore, for each value of y eight different firing conditions were used to 

fire both toroids and disc samples c To provide ten discs and two toroids 

for each compositional and firing condition, it was necessary to initially 

fire 1300 samples for this compositional series® 

The toroids were all given a hysteresis test to ascertain the 

maximum B-H loop squareness R 0 Analysis of these data made it possible 

s 

to determine the optimum firing condition for each value of y 0 -It was 

found that, except for y - 0, a sintering temperature of ll*5>0 C and a 

later anneal at 1100 C in a nitrogen atmosphere was the optimum firing 

condition® In the case of y « 0, the as-mixed composition is completely 

MgOFegO^o Since there are no Mn ions present which are oxidized in an 

air firing, there is no need for a nitrogen anneal to make the sample 

11 3 * 

homogeneous® In fact a nitrogen anneal tends to reduce some of the Fe 
2 * 

ions to Fe and therefore to make this composition less homogeneous® 

For y * 0 the beet firing condition was an air fire only at 13^0 C; there 
was no subsequent anneal in nitrogen® 

Discs, sintered according to the optimum firing conditions for 
the toroids, were then prepared for magnetostriction measurements® To 
evaluate these measurements, it is necessary to know the demagnetizing 
fields within the samples® Demagnetizing fields produced by samples not 
having a closed magnetic path are known only for the case of the 
ellipsoid® To permit a calculation of the demagnetizing field, it is 
neeessary to approximate an ellipsoid by using a thin disc? the demagnetiz¬ 
ing field is practically a linear function of the thickness of an oblate 
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spheroid of the dimensions used* After firing* the disc sample was 
approximately 0#75 cm in diameter and 0#2 cm thick,, For the oblate 
spheroid of the same over-all dimension, the demagnetizing field along 
a diameter would be about300 oersteds. To reduce the thickness of the 
disc both to approach the true ellipsoidal shape and to reduce the de¬ 
magnetizing field, the fired discs were ground to about 0 o 02 cm, a thick¬ 
ness corresponding to a demagnetizing field of about 80 oersteds. * 

The grinding operation was also necessary from another aspect# 

A few compositions, notably those for y = G 0 1, 0 #l£, and 0 # 2 , were con¬ 
sistently found containing large easily seen circumferential cracks inside 
the disc with radial cracks proceeding inward toward the center of the 
sample# It was therefore necessary to fire a new series; great pains 
were taken to insure a uniform temperature distribution throughout the 
sample while firing# Some difficulties with cracks were still found, 
but samples were finally obtained which showed no sign of cracks under a 
microscope* The difficulty has been narrowed down to effects caused by 
a varied density in the pressed samples before sintering# Magnetostric¬ 
tion data was then obtained on the ground-disc samples# Afterwards the 
central portions of the discs were cut out 5 hysteresis and switching- 
coefficient data were obtained on the cut toroids thus formed* The 
several stages of sample preparation are shown in Figure k-9 « The 
centers cut from some of the discs were also used for further tests# 

These small, cut discs were used to obtain saturation moments of some of 
these materials at very high field strengths, H & 10,000 oersteds,for 
comparison with hysteresis data; the centers were also t|.sed for micro¬ 
structure examination to ascertain if a second phase wag present* 
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CHAPTER V 
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' EXPERIMENTAL RESULTS 

A. Isotropic Magnetostriction 

The isotropic magnetostriction was obtained as described in 

Chapter IV. The sample was held so that the direction of measurement 

was first parallel to the applied field and then perpendicular to the 

applied field, the difference in strain for these two cases being 

An at saturating field strengths. 
11 <S) 

These data were obtained for each sample at - J8 C, 0 C, and 2G C and are 


J-(ii) 

2 V* / 


isotropic and 


3 

2 


shown in Figures £-1 through 5-13o 


The most significant part of these curves is the approach to 

saturation and the value at saturation, A 11 .At low fields the 

" (S) 

material is not saturated, and the change in magnetization as the sample 
is rotated in the external field is due to domain-wall motion as well as 
domain-moment rotation. It is not possible to interpret the magneto¬ 
striction data in a meaningful way if an unknown amount of domain-wall 
motion is taking place. 

The way that these data approach saturation is indicative of 

the strength of the effective anisotropy fields which tend to pull the 

magnetic moments within the material away from the the direction of the 

applied field. For all samples the magnitude of A ,, at -78 C is about 

" (S) 

3/2 times (at y = 0) to about 10 times (at y - 0.6) greater than its value 
at room temperature. The most significant point of these data is the 
variation of A n with composition (see Figure 5>-ll*). The irregular 

"Co¬ 
features of this plot are quite understandable as due to slight differ¬ 
ences in the effective firing cycle received by each individual sample. 

The general trend is unmistakable? An is negative and relatively 

11 (S) 
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low in magnitude for values of y below y = 0ol3® Above y = 0®13 the 

~X increases to positive values for 0 C and 20 Gj at -78 G it in- 

11 (S) 

creases to the relatively high value of 30 x 10 for y ® 0®6* It should 
be noted that yw 0 o l5 was the critical value for squareness found in the 
compositional survey discussed in Chapter II 0 
B® Magnetostriction Parallel to Saturation Field 

These data are obtained by measuring the change in strain 
parallel to field as the magnetic moments relax when the field is reduced 
from a saturation value? the All obtained from the previously 

"(a) 

discussed data is added to obtain the correct zero reference 0 The 
individual data obtained for the 13 samples are shown in Figures 5-15> to 

S-27. 


Since the saturation value of these data have been determined 

from previously discussed data, the remaining significant feature is 

the field dependence relative to the value at saturation fields,, The 

characteristic field dependence, with very few exceptions, is that the 

value of the magnetostriction goes through zero and reverses in sign as 

the field is reduced from saturating values® This reversal phenomenon 

has been observed on iron and other materials® It is called the Villari 

23 

reversal after E® Villari who first observed the effect in 1865o. 

The Villari reversal remains when the saturation value changes 
sign from that for 0$f ^ 0®13 to that for 0®13 y ^ 0®6® Also the 
reversal generally becomes more marked at lower temperatures® 

C® B-H and 'S^ Data 

These data were obtained to supplement the magnetostriction 


data® Data were obtained on fired toroids at 20 G and on toroids cut from 
discs at -78 C, 0 C and 20 C® 

In Figure 5-28 the maximum squareness for the hysteresis loop 
is plotted versus the compositional parameter y Q Title hysteresis eharac- 
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teristies are very sensitive to the chemical homogeneity, grain size, 
and void density* Therefore, the rather wide dispersion found for the 
cut toroids is quite understandable owing to difficulties in controlling 
the firing conditions for the disc samples. The data shown for the fired 
toroids is much more indicative for the optimum squareness for each value 
of Yj tut even for these samples slight variations in the crysta l line 
structure are very apparent in the maximum-squareness data* In general, 
however, there exists a broad maximum of 0 o 8 from y = 0.05 to 

Y = 0*U5; this is consistent with the data of Figure 2-1 which was ob¬ 
tained on a general compositional survey* 

The saturation flux density B that is shown in Figure 5-29 
is that measured for fields of about 20 oersteds in the cut toroidal 
samples. These data are less sensitive to chemical homogeneity, grain 

size, and void density than R_* The general variation of B with y is 

s s 

in complete agreement with the data obtained on a general compositional 
survey* A saturation -moment measurement has also been made, at H = 

10,000 oersteds, on the disc center of samples No 0 3, 6, and 11* The 
room-temperature flux densities calculated for these samples ares 


Sample 

r 

B (H=10,000 oe.) 
s 

B s(H= 20 oe,) 

B (H= 10,000 oe,) 
s 

3 

0*1 

2*9 kilogauss 

0*86 

6 

0*25 

2*9 

0.96 

11 

0*5 

2*1 

0.81 


The switching coefficient S was obtained from dynamical 


measurements in the following ways By definition = t (H-H q ), where 
t is the time for a complete flux reversal, H is the applied field, and 
H q is the average threshold field for domain-wall motion* Therefore, I/t 












KILOS AUSS 


61502 



O 0.1 0.2 0.3 0.4 0.5 O.G 


FIG. 5-29 

SATURATION FLUX DENSITY vs COMPOSITIONAL PARAMETER ^ 




Report R-236 


- 81 - 


is plotted versus H as shown in Figure 5-30. The switching coefficient 
therefore is the reciprocal slope of the linear portion of this plot. 
The switching coefficient versus the compositional para¬ 
meter y is shown in Figure 5-31 o does not vary significantly with 
compositionj there is only a gradual increase with y<> However, a very 
strong variation is found as the temperature is changed to - 200 Gj 
S w increases to about three times its room-temperature value for most 
values of y* 

The Curie temperature T c is that temperature at which the 

thermal energy overcomes the magnetic-exchange energy. At this point 

the material becomes paramagnetic as the temperature is increased further. 

Therefore, the value of T is indicative of the magnitude of the magnetic 

c 

exchange energy in the material. The permeability of square-loop fer¬ 
rites has a sharp discontinuity at T c o Therefore, T q was determined 
using a 1000-eycle permeammeter. A typical output plot from the permeam- 
meter is shown in Figure 5-32. The arithmetic average between the dis¬ 
continuity found for increasing temperature and that for decreasing 

temperature was used for the value of T « In Figure 5-33 T is plotted 

c c 

versus the compositional parameter y« A monotonic decrease in T q is 
found as Y increases. 



2 


4 


H 


TYPICAL PLOT FOR 
OP THE SWITCHING 



THE DETERMINATION 
COEFFICIENT S w . 



A-61501/ 


i 

U) 

Q 

U 

H- 

lA 

O' 

LU _ 
O 2 


n 

LEGEND: 

■ -2O0°C 
o - 78*C 


A 

0 

o c 

20°C 



t 

\_ 



V 





FIG. 5-31 

SWITCHING COEFFICIENT vs COMI 






TEMPERATURE 


HO. 5-32 

TYPICAL CURIE POINT DETERMINATION 










Report R-236 


CHAPTER VI 


INTERPRETATION OF RESULTS 
A, Effective Anisotropy 

The magnetostriction data in Figures 5-lij. to £-27, inclusive, 
permit a qualitative interpretation of the fundamental mechanismsin¬ 
volved in producing the observed effects,, These interpretations must 
then be compatible with the supplementary B-H, S^, and T q measurements* 

The effective domain anisotropy energy describes the 
energy potential producing the actual angular dependence of the magnet! 
zation of any domain relative to the externally applied field 0 Although 
Kj is affected by the local demagnetizing fields and the shape effects 
of the individual crystallites, in polycrystals it is mainly the result 
of the crystalline anisotropy energy K and the magnetoelastic energy due 
to magnetostrictive effects 5 the magnetic poles associated with the 
grain boundaries are relatively weak, and the grains are approximately 
spherical* When the applied field just equals the demagnetizing field 
H ^ 100 oerseteds, the effective field is zero*, When the effective 
field is zero, the crystallite moments are along equilibrium directions 
determined by K ^ 0 

The sign of will be considered to have the same general 
meaning as that given the sign of the crystalline anisotropy K* If 
Kjt=K the directions of easy magnetization would be the <CloO/^ or the 
indirections for Kj>0 or K^<0, respectively* For the more 
general case in which K^K, the direction of the crystallite moments 
will be near the< 100 > or the < 111 > directions for K^> G or 0 , 

respectively*. When - 0, the crystallite moments w ill not turn from 
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Report R-236 


the direction of saturation when the effective field is zero*, 

If a saturation field is applied and removed, the magnetostric¬ 
tion measured parallel to the saturation field in a zero effective field 

is defined as X 11 • Examination of the data shows that X n 

(H =0) (H = 0) 

changes sign from positive to negative values as y increases through 0*13, 

while A 11 also changes sign from negative to positive for the same 
' (S) 

compositional variation* This indicates an apparent change in the sign 
of Kj as will be shown* First, however, these data will be analyzed for 
three assumed values of as y increases through the critical value 
y = 0.13. 

Case Is = K and is large and negative* For this condition 

'X , = 'A 11 = 0 o 6Ue A 1nr ,o Therefore, to satisfy the data, 

^ 11 (H = 0) 11 (111) 100 

either e or /\^qq must go through 0, from positive to negative* 

Case 2s K d = K and is large and positive* For this condition 

'X = 'X ,, = 0*5£ Therefore, in this case X 

a "(h-0 ) A11 (100) 100 100 

must go through 0 from a positive to a negative value* 

Case 3s K, = 0 at y = 0*13* For this case A. u = A ,, = 

3s*7T~ "(H-0) "(S) 

-—= 0* For this relation to hold, either A^qq must go 

2 

through 0 or s go through the value e = - —^— at y = 0*13* 

The results of this analysis must now be compared with inter¬ 
pretations of other features of the magnetostriction data* 

B* The Villari Reversal 

it Villari reversal in the magnetostriction is observed for all 
compositions whether y is greater or less than its critical value y = 0*13* 
This reversal is the result of an anisotropy in the magnetostriction of 


the crystallites and may be analyzed in terms of the ratios 


X - A, 


-o( 
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Since the actual angular configuration of the crystallite moments is 
responsible for producing A „ 3 angular configurations must be 

H(h = 0 ) 

assumed corresponding to the three cases of considered above# 

Case Is = K and is large and negative# For this condition 


(H = 0) 


''{ 111 ) 


Therefore, 


where e 


A,,,/ A 


[ II(111 ) 10 s 

n (3e * 2] 

*11 (S) 


(6-1) 


111 ' /v 100 


Expressing s in terms of one obtains 

P _ 2n x 

10 - 3n x ' * 


( 6 - 2 ) 


Since the experimental data has 3 in general,, shown x 0 3 it follows from 

Equation 6-2 that - 2/3 — e — 0 6 

Cas£ 2s * K and is large and positive# For this case 

1 = A ,, o Therefore 3 

11 <H- 0) >|jl00) 

^ H (100) _ 2 £? (6mSi) 

X " n(3s * 2 ) 0 (6 

^ll(S) 

Expressing e in terms of x? one obtains 

„ _ 2 -J"~3 - 2 n x re i.\ 

6 _ --- . (6-U) 

Since the experimental data has, in general,, shown x ^0, it follows 


(6-U) 


from Equation 6-U that -oo'^r s — - 2/3# 
Case 3s = 0# In this case 2 
undefined. 


(H= 0) 


X, - 0. and x is 
(S) 


C# Summary of Magnetostriction Data 

The saturation magnetostriction., 


2 „..X 


goes through zero as the compositional parameter y increases through the 
critical value y = 0 o 13o Therefore s the final condition that must be ful¬ 
filled is that either s must go through the value e = = 2/3 or <^^.00 
through zero for the same compositional variation# The necessary condi¬ 


tions for fulfilling the observed data for the three assumed values of 
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iteport 


K d are summarized for the composition y = 0.13 in the chart below. 


Cases 

Condition 

onK d 

w 

II 

o 

II 

o 

Villari 

Reversal 

m 

1 

K d - K<0 
and large 

e - 0 OT \xr 0 

- 2/3 

e = - 2/3 
or 

A iqo = 0 

2 

K fl - K> 0 
and large 

A =0 

100 

-•*><64-2/3 

e = - 2/3 

Cl ° r 
^00=° 

3 

Q* 

It 

O 

s = - 2/3 or 

^\oo = 0 


6 = - 2/3 
or 

^ioo" 0 


Since the conditions imposed on e and ^qq for each assumed variation 
must be entirely compatible, the data on the chart can be reduced to the 
following four cases for y = 0.13. 



II. K d >0, -oc < 6 <- 2/3, = 0 

in. K d <o, - 2/3 < e 4 o, A 100 = o 

IV. K d = 0, e = - 2/3 

Cases I through IV are the conditions necessary at y = 0.13. 
If y#0.13, however, some of these cases must be further divided into 
different conditions. This has been done in Table 6-1. 
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Table 6 - I, 


Physical conditions necessary to explain 
observed magnetostriction data 


Case 

r < 0.13 

Y = 0.13 

y>0.13 

la 

K 2 / 3 , 

^ 100 ^ 0 

K d = 0, 

^100 = 0 

K h ^ 0,- 2/3s<e<0, 
^100 

lb 

K <0,- 2/3<e<0, 

^ 100 < 0 

K d = 0, 

^100 = 0 

K d >0, -<*><e<-2/3, 
^100 ^ 0 

Ic 

K d ^0,-^<s «- 2/3, 

* 100 > 0 

K d -0, 

* 100 “ 0 

K d ^0, -^<e<-2/3,' 
^ 100 ^ 0 

Id 

K d <0,- 2/3<s<0, 

^ 100 ^ 0 

K d = ° 3 
^100 = 0 

K d ^0, - 2/3<s<0, 
^100' 0 

II 

K d > 0, -^ V <6 S <- 2/3, 
^100^° 

K d >0, 

- CX> N <S < -2/3 
^100 = 0 

K d >0 > - ^-<^<-2/3, 
^100^° 

III 

K d <0, - 2/3< e^0 
^100^° 

K d <0, - 2/3<ex<0, 
^100 = 0 

K<0, -2/3<e v <0, 

^ 100 ^ 0 

IVa 

K d >0, -<79^6^- 2/3, 
^00^ 0 

V 0 , 

e = - 2/3, ; 

^ 100^ 0 

K d <0,-2/3^e N <0, 

^ 100 ^ 0 

IVb 

K d <0, - 2/3 N <s<0, 

^ 100 ^ 0 

K- 0 
d 

e = - 2/3, 

^100^° 

K d >°,-^ N <e N <-2/3, 

^100^° 
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In all cases considered e <^0 o Therefore, the cases where 
A ^qq = 0 at- y * 0.13 (Cases Ia,Ib,Ic,Id, II } ,and III) require also that 
0 and that A. -^ be of opposite sign to A.^qq when 0.13. It 
should be noted at this point that the formalism involving s does not 
of itself force both A-^qq and A^i to &° to zero together«, It is the 
additional requirement due to the Villari reversal which forces 
to go simultaneously to zero with A-^qq. 

The way in which A-^qq an d go through zero would be 

determined by the crystal structure and the magnetic configuration in 
the structure. Ferrites possess a spinel structure in which there are 
two types of crystallographic sites occupied by magnetic ions. One type 
of site has tetrahedral coordination, and the other has octahedral 
coordination. It has already been pointed out that magnetostriction may 
be caused by the spin-orbit coupling; it was also noted that the orbital 
angular momentum should be closely associated with the crystal structure. 
The sites having tetrahedral coordination have crystallographic bonds in 
111 )directions, and the sites with octahedral coordination have bonds 
in (lOO)directions. Therefore 5 .the magnetostriction coefficients for the 
<^111) and <(lOQ) directions may well be associated with the ions in the 
tetrahedral or octahedral crystallographic sites, respectively. If this 
is the case, although the moments in the two types of sites are coupled 
together, it would be a very special case for both A^qq an< ^ A jjj 
go through zero together. 

In Cases la through Id, both the anisotropy and magneto¬ 
striction A 100 are zero & t Y = 0.13. It is conceivable that this could 
happen at some critical composition. However, it is well known that for 
this case the initial permeability of a material is extremely high. 
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Since this is not the case with a square B-H loop,, Cases la through Id 
do not exist 0 

In Cases II and III, remains of the same sign over the 

compositional variation whereas and ^^.ll raus ^ 6° through zero 

simultaneously and in an opposite sense® The unlikelihood that ^-^.00 
and /l-j -j-j approach zero simultaneously was discussed aboveo If such 
were the case, however, one would expect a similar effect on the crystal¬ 
line anisotropy K near y = 0®13, since K also depends on the spin-lattice 
coupling,, However, Cases II and III require that Kj remain of the same 
sign while an< * ^111 reverse their sign 0 It is felt that this 

situation is unlikely to exist,. 

In Cases I7a and IVb the effective domain anisotropy must 
change sign, going through zero at y = 0„13, while the parameter 
e = ^ ti~i / ^100 niast S° through e = - 2/3 for the same value of y® In. 
these cases and are n °t required to go through zero simul¬ 

taneously, nor are they limited in magnitude 0 The requirement that 
s ■ - 2/3 at some critical value puts no restrictive constraints on the A* 
since e may be expected to take any value less than zero® The require¬ 
ment that Kj = 0 at the critical composition for which e = - 2/3 is more 
severe; however, it is shown in Sec® D® below that this requirement is 
entirely feasible provided the A *s are large 0 It is .to be noted that 
K so that the requirement » 0 at e = - 2/3 does not necessarily 
place restrictions on K® It is concluded that Case IV represents the 
most likely physical situation® It will be shown in See® D® that this 
case not only explains the magneto strict ive data but, more important, 
that it also correlates these data with hysteresis-loop squareness® 

Finally, the single-crystal magnetostrictive data for the fer¬ 
rites {see page 2lt) indicates that A 'v G for most ferrites® This 
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indicates that Case IVb is more likely to hold for the system studied 
than Case IVa, 

There are independent, supplementary data which confirm the 

possibility that A and X-- 1 may be very high at y - 0 o 13 even 

100 111 

though A „ = 0 , 

"(S) 


1, Mechanical properties indicate that high local stresses, such 
as would be the case for large X^qq and X are present,' causing 
excessive cracking and brittleness for y = 0,13 , 

2<, The data for the switching coefficient S are relatively inde- 

w 

pendent of composition, indicating that, other factors remaining constant 
the domain-wall anisotropy energy K w does not vary with composition. 

In general, depends on local magnetostriction effects, as 

shown in Chapter IB, and could be large and relatively independent of 
composition if X^oo 311(1 ^"111 were i ar S e an i reasonably constant over 
the same compositional variation. 

There are also independent supplementary data which confirm 
that Kj = 0 at the critical composition, 

1, The relative magnitude of the flux density at H = 20 oersteds 
with respect to the value at H » 10,000 oersteds was obtained for samples 
numbered 3$ 6 and 11 as shown on page 760 For all of these samples the 
ratio was above 0,8 and in one case was 0,96, These data indicate that 
even at low fields there is a high degree of alignment of the moments 
with respect to the direction of the applied fields this implies a low 
value of Kj« 

2, Measurements of P' rem /p- ; j_ have been made by others"^ on square- 

looped ferrites, where 'p. is the reversible permeability at remanence 
and is the initial permeability. The value of is very low 
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for materials possessing high loop squareness, whereas nonsquare loops 
have a u /u.i£ 1* A low value of a /Lu is shown in Appendix D to indi- 
cate high alignment of the magnetic moments so that the major contribu¬ 
tions to the permeability are due to domain-wall motion* 

Da Proposed Alignment Mechanism 

In order to justify the conclusion that Case IV of Chapter 
VIC is the most likely physical situation in the square-looped ferrites, 
it is necessary to show that the effective anisotropy energy goes 
through zero at the critical composition y “ 0 o 13 for which 
s•«* = - 2/3 0 If = 0, the individual magnetic moments 

remain in the same direction after a saturating field is removedj the 
alignment of the magnetic moments by the saturating field is maintained,. 

The existence of a grain-to-grain alignment is a major factor responsible 
for the square hysteresis loops which have been observed in other materials 
The discussion of the mechanism which forces through zero at b ■ 2/3 

gives further insight into the alignment effects due to magnetostriction* 
The influence of magnetostriction on the equilibrium direction 
of the magnetic moment of a crystallite is the result of constraints 
which are placed on the physical dimensions of a crystallite by its en¬ 
vironment* The value X 11 “0, which is observed at y ■ 0*13, 

11 (S) 

indicates that the environment seen by each crystallite in this case tends 
to inhibit any distortion due to magnetostriction* This inhibition of 
crystalline distortion means that if the 7k 5 s are not zero, the crystal¬ 
lites are under stress* The resulting magnetoelasiic ; anisotropy energy 
must be added to K to give the effective anisotropy energy K^* It should 
be noted that although the resultant stresses and strains over the entire 
material are zero, internal stresses and strains can be present precisely 
because the magnetostriction is not isotropic* 
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The magnetoelastic energy is proportional to E ^ a. . A, A 

id 1J 1 J 

where E is Young's modulus and the are the magnetostriction 
coefficients® If A-^qq = 0 and A^-p 9^ 0, the magnetoelastic energy 
would 3 with the constraint of zero distortion, produce minimum-energy 
positions for the magnetic moment along ^100/ directions 0 Therefore, if 
the crystalline anisotropy energy K is small compared to the magnetoelastic*? 
anisotropy energy, the result would be K^> 0 regardless of the sign of K» 
Similarly if A^qq 9 ^ 0 and A » 0, ^ 0 for the same relative 

magnitude of K and the magnetoelastic-anisotropy energy 0 

Since e ** A -jjj / ^ioo 5 a ^ ove cases for 0 and 0 
correspond to s and e = 0, respectively 0 These values of and 

s are compatible with the conditions required for Cases IVa and IVb when 
Y* Gol3. 

Since these extreme relationships between and s may exist, 
there is some value of e <^0 which will cause the magnetoelastic anisotropy 
energy to be equal and opposite to the crystalline anisotropy energy K, 


thus making = 0 o The magnitude of the magnetoelastic anisotropy energy 
would depend both on the magnitude of A^qq and e % whereas the sign 
would depend only on the magnitude of e for sXo« A formal theory has 
not been developed 0 However, since there are six ^100^ directions and 
eight <(ill/> directions, zero magnetoelastic anisotropy would occur for 
- 1/3 o For the case where the crystalline anisotropy energy K 0, 


the magnetoelastic anisotropy must be positive® The condition necessary 
for Kj = 0 could thus be established if A^qq is large and 6 <“l/3o 
The values Kj = 0 and s = - 2/3 are compatible with this proposed 
alignment because the experimental magnetostriction data do not require 
a low A 100 if e « - 2/3® 
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Eo Critique of a Recent Publication 

A. paper on the same general subject as this investigation 
has recently been published by others#^ These workers investigated the 
correlation between magnetostriction and B-H loop squareness for the fer¬ 
rite system (NiOFegO^J-^ * (Fe^O^) x o Although their conclusions and 
arguments are in complete opposition with those of this paper, their 
experimental data can be shown to be completely compatible with the 
ideas outlined above 0 Hence a critique of their work is necessary* 

They concluded that the necessary conditions for B-H loop 
squareness are as followss 

lo The magnetostriction in the preferred direction must be zero 0 
Therefore, since K ^0, it is necessary to have A = 0* 

2* The crystalline anisotropy energy must be large compared to 
the magnetoelastic energy 0 

These conclusions were based on arguments which do not appear 
to be valid for the case under consideration* 

The heart of their argument is that magnetostriction in poly¬ 
crystalline materials causes a random distribution of strains so that 
the magnetoelastic energy is minimized by a disorientation of the moments* 
If the magnetoelastic energy predominates the effective anisotropy, the 
crystalline anisotropy has no orienting influence, and the moments relax 
to a completely random distribution at remanence* Since magnetostriction 
ean only have a disorienting effect, according to their model, a necessary, 
but not sufficient, condition for a square B-H loop is that the magneto¬ 
elastic energy be much smaller than the crystalline anisotropy energy* 

The difficulty with this argument is their assumption of a 
random distribution of strains as a result of magnetostriction* The 
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magnetostriction effects can only alter the direction of easy magnetiza¬ 
tion in a grain if that grain is physically constrained,, These con¬ 
straints are presumably those which are imposed by the neighboring grainsj 
but this paper has attempted to show that these are just the constraints 
which have an orienting* not a disorienting* effect on the magnetic 
momentso Consequently this paper argues that the observed condition 
between loop squareness and - 0 is due to a magnetoelastic 

anisotropy energy which is equal in magnitude but opposite In sign to the 
crystalline anisotropy energy so that =» 0$ their argument* on the other 
hand, requires that the magnetoelastic anisotropy energy is much smaller 
than the crystalline anisotropy energy in a material with a square B-H 
loop 0 To show that this assumption of a random distribution of strains 
is open to serious question* the following hypothetical situation is 
citeds If the magnetostriction in each of the grains of a polycrystal 
is isotropic* a saturation field will produce an alignment of magneto- 
strict ive strains as well as of the magnetic moments c If the saturation 
field is removed and the magnetoelastic energy is greater than the 
crystalline anisotropy energy* the moments should remain aligned as any 
disorientation would require work against the elastic energy of the 
crystal which is minimized by the orientation of the strains,, Since the 
magnetostrictive strain is not random and has an orienting rather than 
a randomizing influence on the moments in this example* the assumption 
of random magnetostrictive strains is not generally valid© 

The magnetostriction data that were reported is shown in 
Figure 6-1o They were obtained on polycrystalline rods in a manner 
similar to those techniques discussed in Chapter 1VA and are therefore 
open to the criticisms made in Chapter I?© The zero reference was 

$ These experimental details were kindly provided the author by Dr© 

Gorter in a private communication© 




no. 6-2 

* MAONEToaroicnoi or nixed polychystals of 

Diem. FERRI1B AHD MAQSETXIB, (li 0 Fe 2 03)^ +(Pe 3 O k )% 


(Arm H.P.J. W.I.J.N. et al.) 
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arbitrarily taken at H - 0 and may not be valid „ However , with this 
reservation, their data will be given an interpretation in terms of the 
conclusions of this paper,, 

The compositional series which they have investigated can be 
expressed in the following general formulas (NiOFegO^)^^ ♦ (Fe^G^)^., 
where the compositional parameter x may be 0 ^1 0 Since single” 

crystal magnetostriction and anisotropy data exist for both of these 
components (see Page 2k) 3 it is much easier to interpret the poly- 
crystalline magnetostriction data for a mixed series of these components,, 

The shape of the magnetostriction versus field data 1 , which were 
obtained for several compositions for which the compositional parameter x 
was increased from 0 to 0 o 3, is very similar to that observed in the 
compositional series studied in this paper for 0 ^Y^0 o l o A Villari 
reversal is observed for 0 ^ x ^ 0 o 3o There is a reversal of the satura¬ 
tion magnetostriction for 0„36 x <C OoUUo However, for 0 0 JUU 4! x, a 
Villari reversal is not observed 0 The magnetostriction increases in 
magnitude as the field is reduced for x^ 0 o 14i<> 

The corresponding hysteresis data for these series indicate 
an increase in squareness with an increase in x for x 0 o 36 o For 
x )> OcM hysteresis data were not presented! it is implied that the loop 
squareness is low in this region of x 0 

The single-crystal data show that s ^ = 2/3 and e - 2/3 for 
x * 0 and x = 1, respectively 0 Since there is a reversal of the satura¬ 
tion magnetostriction in the region O 0 36 ^x ^0 o 14* while, judging from 
its values at x ® 0 and x = 1 , A-^qq does not change sign, it is 
concluded that s must pass through e - - 2/3* This variation of e with 
x would produce a magnetoelastic anisotropy energy which would be negative 
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and positive for low and high values of x, respectively,* However, since 

the crystalline anisotropy energy K is K 0 and large, the composition 

for which = 0 may never be obtained 0 The fact that a Villari reversal 

is not found for high x is indicative of the fact that Kj does not go 

through zero,, In this case the increase in squareness is attributed 

to a minimization of whereas in the case of the series investigated 

in this paper was made to change sign 0 

The minimum effective domain anisotropy will occur at a 

value of s which is not necessarily s = - 2/3o Therefore, the maximum 

squareness does not necessarily occur for Aii = 0 o 

11 (S) 

Since their data can be explained by the same arguments as 
were developed in this paper for the other compositional series, further 
weight is given to the conclusions of this study which were drawn with¬ 
out the aid of single-crystal data for any compositions in the composi¬ 


tional series 0 



CHAPTER VII 


SUMMARY 


A. Experimental Results 

Magnetostriction data have beep, obtained for the compositional 
series (MhOFegO^)^.^, + (Mn^O^)^. These data were obtained at three 
different temperatures as a function of field by using a new technique. 

A definite correlation was found between the hysteresis and 
the magnetostriction data. A fundamental mechanism has been proposed 
which not only interprets the magnetostriction data observed but also 
its correlation with the B-H loop data. 

The positive isotropic saturation magnetostriction which was 
found for samples with large Mn^O^ content is significant since magne¬ 
tite is the only other known ferrite to possess this property. 

B. Conclusions 

It is concluded from this investigation that magnetostriction 
plays a major role in square B-H loop ferrites. Although the saturation 
polycrystalline magnetostriction may be small, large single-crystal 

4 

magnetostriction may be responsible for an internal orientation mechanism. 
This orientation mechanism would produce the high squareness obtained for 
these materials. 

The orientation mechanism produces a very low effective domain 
anisotropy without reducing the effective anisotropy for a domain wall. 
This means that domain walls can exist in these materials even though 
the macroscopic anisotropy is zero. 

C. Further Investigation 

As indicated in the compositional survey, other compositional 
series must be investigated in much the same manner as that in this work. 

- 101 - 
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This will confirm any extrapolation of the information obtained in this 
series into more complicated ternary systems. The sharp variation in 
squareness observed in other systems indicates that the effects noted 
here may be even more pronounced in other compositional series* 

Low-temperature studies of magnetostriction should also be 
very informative, since there are apparently important changes in 
hysteresis data at -200 Cj at -200 G the squareness for some.composi¬ 
tions decreases, for others increases, relative to its value at room 
temperature and -78 C« 

Single crystals are still not available for most ferrite 
compositions. However, until,single-crystal measurements are made, it 
will not be known whether X-j.il and ^-^00 g0 simultaneously through 
zero at optimum-squareness compositions, or whether they are large with 
s = - 2/3 and Kj = 0. 
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APPENDIX A 

DERIVATION OF THE EQUATION OF MOTION FOR A CYLINDRICAL 180° DOMAIN WALL 

The motion of planar-l80°-domain walls has been investigated 

by Jo K 0 Galt.^ The equation of planar-l80^domain-wa3.1. motion is 

mz *• {Jz * az = 21 H for a unit area of 180° Block wall; m is equivalent 
s 

mass per unit area, {3 is the damping coefficient, a is the stiffness 
coefficient, and z is the linear displacement of the wall. I is the 
saturation magnetization, and H is the applied fieldo 

To derive the equation of motion for a cylindrical wall, the 
Lagrangian formulation is used a The Lagrangian - T - V where T is 
the kinetic energy of the system and V is the total potential energy* 

The dissipation function is G(p) where p is the radial displacement of 
the wall o From the Lagrangian formulation the equation of motion is: 

^ & ^ G _ c)£_ _ q 

^t ^ p ^ P ^ P 

180° domain wall 


Cross Section of a Unit Ared of Material 
Note: Saturation magnetization of shaded domain is perpendicular to 
paper and toward reader, and that for the unshaded domain is away from 



readero 



A - 2 


Wall motion is considered for a wall of the configuration shown 
where the domain enclosed by the wall is magnetized in opposition to that 
outside and is Jp units longo The applied field will be parallel to the 
domains, favoring one of the two directions, thus causing the wall to 
move radially in such a direction as to enlarge the domain magnetized in 
the direction of the applied field 0 

The kinetic energy is 

T = (2npjP)mp 2 

2 

a 

The total potential energy is 

Y = E + E hh 

mutual wall magnetostatic 

- (l~np 2 ) H 2HI g + (2np $ ) J 

and the dissipative function is 

G(p) ■ J^bJ-UpL - 

2 

where a w is the wall energy per unit area, all other constants being the 
same as those in the equation of motion used for a planar wall e 

Hence substituting these values in the equation of motion, 

(A£ ) * IjL - « o 

p ^ p & p 

one obtains for the motion of a cylindrical 180° Bloch wall (per unit 
wall area) , 

2 

mp + -2£- + pp + -4- ap * -2a_ = 2 HI 

C-P £ P S j) 
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the equation of motion for a planar wall being 

•• • 

mz * Bz f az » 2 EE , 

s 

In general, since my ID - , the normal inertial term can be 

neglected. For low fields where p would not be excessively large, the 

additional inertial term can also be neglected. However, the additional 

a 

nonlinear term, —— , is of the same order as the driving force and 
cannot be neglected in calculations involving the motion of a cylindrical 
wall. This term enters here since the total wall area, and thus also the 
total wall energy, varies as the wall moves. 



APPENDIX B 


DERIVATION OF POIYCRYSTALLINE MAGNETOSTRICTION WHEN 
CRYSTALLITE MOMENTS ARE ALONG < 111> DIRECTIONS 


A. polycrystalline model has been defined in Chapter TTT B, which 
enables the polycrystalline phenomena to be derived from the single-crys¬ 
tal formalism. Polycrystalline effects are derived by averaging the 
single crystal effects# However, the angular distribution of crystallite 
magnetic moments must be known or assumed before the averaging process 
can be properly done# 

It is desired to derive the polycrystal magnetostriction for 

the following angular configuration. The magnetostriction is measured 

parallel to the axis of symmetry for the magnetic moments, which lie 

along the crystallite <(lll) direction nearest to the axis of symmetry, 

and is called 7\ n in the text, 

1 ( 111 ) 

The single -crystal phenomenon can be expressed bys 


££ m 

* 


o f3 / 2 ? 2 a 2 2 Q 2 

* 100|_ 2 (°1 Pi a 2 $2 * a 3 h 



3s (ojag^pg * a 1 a 3 P 1 P 3 + a 2 a 3 P 2 P 3 j, 

\ 

where s = ^loo a x' s are direction cosines of the 

magnetization and the fL’s are the direction cosines of the measuring direc 

tion. When the moment is along a (ill) direction a_ = a 0 = a_ = .. and 

x £ 5 ' m j r 3' 

this equation reduces to ; 


f " 6 *100 * hb * W- 

The will be expressed in the angular polar coordinates 
G and $ to facilitate calculationss 

P^ = cqs G, P 2 = sin & sin <j», P 3 = sin G cos 

B-l 
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Since the crystallites can be considered to be randomly oriented, an 
average over single-crystal directions is equivalent to an average over 
the crystallite orientations. 

Since the moment is along a <flll^ direction this can be 


-1 


expressed as 9 = cos - " 1 " -jr- , <j> = in spherical coordinates. 

TT 4 

The direction cosines p^ need only be averaged over the octant, defined 



by the planes <j> = 0, $ = n/2, and 9 = n/2 since all the moments are 
along the /.111/ direction nearest to the measuring direction. The 
octant of integration is a solid angle of n/2J therefore,the polycrystal 
magnetostriction can be expressed asr 

/< hh* P 1 P 3 *- P 2 P^)pin 9 d9 d<|> 
0 




B-3 


Each term integrated separately isi 


n/2 

y j~ P-lP 2 sin 0 d9 d<(> = J 


n/2 n/2 

f J 

0 0 


cos <}) d<j> 


n/2 




o 

n/2 


n/2 

/ 


2 

sin 9 cos 9 d9 


n/2 n/2 n/2 n/2 

j / s ^- n ® ^9 d(j) = J~ sin <|> d<|) J~ 

0 0 0 0 


. 2 

sin 9 cos 9 d9 


n/2 


• [- oos e ] * [4r 


— 3 9 1 


n/2 


3 J = 5 

o 0 

n/2 n/2 n/2 n/2 

^ ^2^3 s ^ Ln ® <*9 d(|> = f sin <|) cos $ <d<|> J~ sin 3 9 d9 

0 0 0 0 


n/2 n/2 

fsin^d) 1 . fcos 3 e „ ~1 

= [—‘ - cos 9 j 


1 

3 


Therefore, when the separately integrated terms are added together the 
polycrystal magnetostriction for the specified conditions is determined 


— e ^ico - • 6t e ^100- 


dll) 
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DERIVATION OF CALIBRATION FORMULA 


The magnetostriction measurements were made with resistance - 
wire strain gages which are an active arm of a sensitive Wheatstone 
bridge. It is therefore desirable to derive a simple calibration 
formula for determining strain measurements from null detector outputs. 



In the bridge circuit above r^, and r^ are resistance- 

wire strain gagesj is the input resistance of the detector and R is 
the resistance of the high impedance decade box used for obtaining 
bridge balance. 

As an initial condition,the bridge will be considered at 
balance. To obtain a calibration it is only necessary to introduce a 
known change of resistance into one bridge arm for a null detector indi¬ 
cation of the same order as that observed for the measurements. This is 
easily done by introducing a small change AR to the balancing decade-^ 
box resistance. The parallel combination of r^ and R will be called r^*• 


i 


r 2 B 


R + r. 


and Ar„ 
e. 


(r 2 ) 2 4B 

(R * r 2 ) 2 


Therefore, 

Ar 2 ' r 2 AR 

r 2 * = R(R + r 2 J 


C-l 
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-2 * 2 

However, since r 0 /R iC. 10~ , ;—■ 


Ar » r-AR 
may be written as - ^ 


2 r 2* H‘ 

The proportionality between a relative change in resistance 

and the relative change in length of a strain gage is called the gage 


T 


The relative change in length is therefore 


factor, G = / 

9 r ' 

J? T 

The change in decade-box resistance AR is equivalent to a 
corresponding change in length of one of the strain gages. That is, 
(^equivalent ’ 


In order to obtain a calibration it is only necessary to divide the 
equivalent change in length by the deflection d milliamperes of the null- 
indicating output meter corresponding to the change AR, Hence the 

0 * 

calibration formula is S = r^AR/dRG per milliammeter deflection, where 
r 2 is the strain-gage resistance, R is the decade-box resistance, AR is 
the change in R, d is the output-meter deflection corresponding to the 
change AR, and G is the gage factor. 
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A QUALITATIVE ANALYSIS OF REVERSIBLE PERMEABILITY AS A 
FUNCTION OF REMANENT STATE 

The reversible permeability observed at different remanent 
states is due to two distinct mechanisms which have additive effects but 
are essentially independent phenomena. The two mechanisms are Domain 
Rotation and Reversible Domain-Wall Motion. The effect of the remanent 
state on these mechanisms will be considered and experimental data 
examined in the light of this analysis. 

— 'fr — ^ 

Domain rotation is the result of the torque MX H, which is 
proportional to the sin © where 9 is the angle between the moment M and 
the field H, The magnetic moment M of a domain, in the absence of an 
applied field, is along a direction determined by the effective domain 
anisotropy K^. The first order restoring torque supplied by the 
crystalline anisotropy for a small angular displacement A© of the 
magnetic moment would be proportional to AS. Therefore the displacement 
A© due to the application of a small field AH would be proportional to 
the applied torques A© AH sin ©. The change in the magnetic moment 
AB of this domain, in the direction of field, is proportional to the 
change in the cos ©. Hence AB 0 *’ sin © A©. Therefore since A© AH sin © 

we may express the permeability p, ^ entirely in terms of the angle 9t. 

AB 2 

^rot = ' "/\H~ = ^ s i n where A is a constant involving the saturation 

moment; and the effective domain anisotropy constant K^. 
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Since sin (G *• 180) = sin-G, only a change in the distribution 

of the angle G throughout the material will affect the average over-all 

permeability of a sample. Therefore, between 90° and 180° domain walls, 

only the position of 90° walls will affect the permeability. The 

average permeability p, can be expressed in terms of an integral 

ft 2 

relationship, viz. = A f (G) sin 0 dG, where f(0) is the angular 

tribution of the domain magnetization about the direction of the applied 
n 

field and J'”' f (G) d© =■ 1. The p rot will therefore be small if the 
magnetization of the domains are closely aligned to the field since 
f (G) would be very narrow. 

Reversible domain-wall motion will also cause reversible per¬ 
meability^ contribution to permeability will be proportional 

to the domain wall area. The relative 180° domain wall area present at 
any remanent state, B^, as compared to that at the demagnetized state 
will be calculated on the basis of the following simple model. For a 
unit cross section of the material a single domain of reverse magnetiza¬ 
tion will be considered with a cylindrical 180° domain wall. 



Domain Wall ^ —Unit Cross Section 

N<?te: Moment in 
shaded area toward 
reader and that in 

plain area away from 
reader. 

The remanent state can be calculated on the basis of this models 
2 

B = B (1-itr ), where B is the saturation-flux density. Solving for r 
I* s s 

we obtain the following relationship ? r *~\jl - / tu Since the wall 

area is proportional to r and the p is proportional to the domain wall 


area we may obtain = B \| 1 - 


Br 


B 


for the reversible permea¬ 


bility at remanence, where B is a constant involving the saturation 
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moment and the domain-wall energy surf ace?' density . 

For the above discussion it had been tacitly assumed that the 

field was aligned parallel to the magnetic moments in the domains. A • 

first"order correction for the effect of an angular displacement © of 

the magnetic moment from the applied field can be made. The small 

reversible displacement of a domain wall is proportional to the applied 

force which in turn is a linear function of the cos ©. Since the 

change in magnetization due to the wall displacement is also proportional 

2 

to the cos ©, the permeability will vary with the cos 9. An average 

2 

permeability can be obtained by integrating cos © throughout the 
materials 

n 

•Wl - B "V 1 ‘ TT - ' / f r <»> c °= 2 9 d9 


for any remanent state. 

The ratio of the total permeability, *■ M- wa -Q > 

at remanence over that for the demagnetized state, B =0, gives the 

M-. r 

ratio 


rem 




reported in the literature for materials of various 
remanent states.*^ Therefore, using the derived expressions for the 
average contribution of P- ro ^ and ^ wa ^]_ one obtains s 


n 




rem 


kft 

O T 


(©) sin d© * B 


B 


i n 


11 - -JL-f f <©) C os 2 © d© 
_B s o r N _ _- 


M* 


H pH p 

AiJ"f ^(©) sin a© *■ B j' f^(©) cos^ d© 


where f r (6) and f q (@) are the angular-distribution functions of domain 
magnetization about the direction of the applied field for the remanent 
and demagnetized states, respectively. 

This equation readily shows that if there is not a significant 
change in f{©) between the remanent and demagnetized state the only 
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dependence of 


on the remanent state would come from the coefficient 


VI - Bp/Bg which is due to wall motion. Since in general for most fer¬ 
rites & is large compared to B, the term containing "Vl - B /B' can enter 

only when f (©) is very narrow, because of an extreme grain-to-grain 

2 

alignment of the crystallite moments, making sin © very small. In this 


case ii w a -|i predominates l 


JESSLrVl - 


/f (©) 


o r 


cos © d© 


J^C©) cos 2 © d© 


* 1/1 - 


since 


IV 

f f(©) 


cos © d© JT 1. 


value. 


Therefore, as B r /B s —1, p- rem /p.. should approach a very low 


When a high grain-to-grain alignment does not exist, the 


cos © 


would be very lowj the p, ^ will predominate and 


ft (©) sin 2 © d© 
rf ± (&) sin 2 © d© * 


which for f r (©) — f^(8) would approach the limit of 1. 

Therefore, the low value of u /u. obtained in square B-H 
9 l rem / *1 

loop ferrites would be indicative of a high alignment and 180° domain 
wall motion. On the other hand, the high p, /d.sc 1 obtained in nonsquare- 
looped ferrites would indicate just the opposite, being caused by domain 
rotation or 90° domain-wall motion. 



